The electrochemical capacitor properties of vanadium dioxide (VO 2 ) were studied at various temperatures near the metal-insulator transition (25-70°C). Cyclic voltammetry in 1.0 M Li 2 SO 4 revealed an anomalous increase in capacitance with increasing temperature. The specific capacitance of conductive rutile VO 2 at 70°C was five times higher than that of the poorly conductive monoclinic VO 2 at 25°C. Electrochemical impedance spectroscopy showed a decrease in resistance with increasing temperature, consistent with the metal-insulator transition. The results are compared and discussed with other typical electrochemical capacitor materials.
Introduction
Many oxides have been proposed as active material for pseudocapacitors including RuO 2 , MnO 2 , NiO, etc. 1 A key factor in the choice of material is the electronic conductivity of the oxide phase. RuO 2 is stable in aqueous electrolytes and highly conductive, affording high gravimetric capacitance. Unfortunately, the restricted abundance of the precious metal limits its use to high-value added applications. Very few oxides have electronic conductivity comparable to this material. One example is the high temperature form of vanadium (IV) dioxide (VO 2 ), which is a metallic conductor and adopts the same rutile structure as RuO 2 . 2 In an earlier study, we reported high capacitance of rutile type (Ru, V)O 2 and suggested that incorporation of V 4+ into the rutile phase was crucial to obtain good pseudo-capacitive behavior. 3 VO 2 undergoes a reversible metal-insulator transition at ca. 70°C associated with a change in crystal structure. The room-temperature form, monoclinic VO 2 , is a Mott-insulator, while the high-temperature rutile VO 2 shows metallic conductivity. 46 The resistance changes over four-orders of magnitude for a polycrystalline VO 2 film.
7 Such a drastic alteration in electronic property as a function of temperature without any compositional change should be an excellent model system to understand the impact of bulk conductivity to the electrical double-layer charging.
Here we report the electrochemical properties of VO 2 at 2570°C in neutral electrolyte. The results are compared and discussed with activated carbon, a typical polarizable electrode, and RuO 2 ·nH 2 O, a representative pseudocapacitive electrode.
Experimental Section
) and acetylene black (67 m 2 g ¹1 ) were ground and mixed with poly(tetrafluoroethylene) (SigmaAldrich) in a mass ratio of 8:1:1. The mixture was pasted on a chemically-polished titanium plate and dried at 60°C for 6 h (39 mg cm
¹2
). As a control, activated carbon (MSP20, Kansai Coke and Chemicals) and RuO 2 ·nH 2 O synthesized by a sol-gel method 8 were measured using glassy carbon electrode (5 mm diameter) with a loading of 0.2 mg cm
. Cyclic voltammetry was conducted using a three-electrode cell with de-aerated 1.0 M Li 2 SO 4 at 25, 40, 60, and 70°C with a HZ-3000 potentio/galvanostat (Hokuto Denko). A platinum mesh was used as the counter electrode and a Ag/AgCl (saturated KCl) electrode was used as the reference electrode.
Electrochemical impedance spectroscopy was performed at open circuit potential with a Solartron 1287 potentiostat in conjunction with a 1255B frequency response analyzer in the frequency range from 50 kHz to 0.01 Hz at amplitude of 5 mV.
Results and Discussion
Figure 1(a) shows cyclic voltammograms of activated carbon in 1.0 M Li 2 SO 4 at 25, 40, 60, and 70°C. The specific capacitance was 121 F g ¹1 at all temperatures and the cyclic voltammograms exhibited no significant changes with varying temperature, typical for the case of an ideally polarizable electrode. Figure 1(b) shows cyclic voltammograms of RuO 2 ·nH 2 O under the same conditions. RuO 2 ·nH 2 O, a typical pseudocapacitive system, shows a weak temperature dependency. Specific capacitance of 193 F g ¹1 was obtained at 70°C, which is 10% higher than 175 F g ¹1 at 25°C. In the case of MnO 2 in 0.5 M Na 2 SO 4 , it was reported that the specific capacitance at 75°C was 20% larger than at 25°C. 9 Strikingly, the cyclic voltammograms of VO 2 was strongly dependent on temperature [ Fig. 1(c) ]. Figure 2 shows the relative change in specific capacitance of VO 2 , activated carbon and RuO 2 ·nH 2 O at 20 mV s ¹1 with respect to the capacitance at 25°C. The specific capacitance of VO 2 is calculated as 1.7, 2.9, 6.1, and 8.7 F g ¹1 at 25, 40, 60, and 70°C, respectively, after subtracting the capacitance attributable to acetylene black. The specific capacitance of VO 2 shows a colossal change in capacitance as a function of temperature with a five times increase in capacitance going from 25 to 70°C. As far as the authors are aware of, such a remarkable change in capacitance with a variation in temperature has never been reported so far.
Electrochemical impedance spectra of VO 2 in 1.0 M Li 2 SO 4 at different temperatures are shown in Fig. 3 . A clear change in the spectra as a function of temperature is observed. Extrapolation of the low-frequency vertical section of the plot to Im Z = 0 gives the sum of the solution resistance and the effective internal resistance of the distributed RC network of the electrode. It can be seen that the resistance decreases with increasing temperature, which should reflect the decrease in electronic resistance of VO 2 . Repeated temperature cycle test revealed that the change in capacitance with temperature is reversible, in agreement with the reversibility of the electronic properties.
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The atypical temperature-capacitance relation observed for the first time in VO 2 should originate from the drastic change in electronic conductivity with the transition from monoclinic to rutile
The Electrochemical Society of Japan http://dx.doi.org/10.5796/electrochemistry.81.787 JOI:DN/JST.JSTAGE/electrochemistry/81.787 VO 2 . The results reported here highlight the importance of electronic conductivity of active material to yield high capacitance. The specific capacitance of VO 2 obtained in this study was unfortunately less than 10 F g ¹1 . Naturally, the small gravimetric capacitance is due to the low-surface area, micrometer size VO 2 used in this work. Nonetheless, the findings reported in this communication highlight the importance of electronic conductivity of the active material, supplying a design principle for pseudo-capacitor materials. Synthesis of high surface area VO 2 may lead to promising pseudo-capacitor material that can be used at high temperatures (>70°C).
Conclusion
The difference in the electrochemical properties of monoclinic and rutile VO 2 were demonstrated. The specific capacitance at 70°C was five times higher than that at 25°C. At 70°C, VO 2 adopts the rutile form and is highly conducive, while at room temperature, the monoclinic form, which is a Mott insulator, is the stable crystalline form. The capacitance-temperature relation was unmistakably different to typical electrochemical capacitor electrodes such as activated carbon and RuO 2 ·nH 2 O. The data implies that the electronic conductivity of the active material is a very important factor which governs the efficient use of electrode surface and to achieve high capacitance. Electrochemistry, 81(10), 787788 (2013) 
